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Upregulation of CAD, the multifunctional protein that
initiates and controls the de novo biosynthesis of
pyrimidines in animals, is essential for cell prolifera-
tion. Deciphering the architecture and functioning
of CAD is of interest for its potential usage as an
antitumoral target. However, there is no detailed
structural information about CAD other than that
it self-assembles into hexamers of 1.5 MDa. Here
we report the crystal structure and functional charac-
terization of the dihydroorotase domain of human
CAD. Contradicting all assumptions, the structure
reveals an active site enclosed by a flexible loop
with two Zn2+ ions bridged by a carboxylated lysine
and a third Zn coordinating a rare histidinate ion.
Site-directed mutagenesis and functional assays
prove the involvement of the Zn and flexible loop in
catalysis. Comparison with homologous bacterial
enzymes supports a reclassification of the DHOase
family and provides strong evidence against current
models of the architecture of CAD.
INTRODUCTION
Pyrimidines are essential building blocks for nucleic acid synthe-
sis and DNA repair. In proliferating normal and tumor cells, the
activation of the de novo pyrimidine synthesis pathway is essen-
tial to meet the high demand of nucleotides needed for DNA
replication (Aoki and Weber, 1981; Fairbanks et al., 1995). In
animals, the first three reactions of the pathway are catalyzed
by CAD, an 240 kDa multifunctional protein that combines
glutamine-dependent carbamyl phosphate synthetase (GLN-
CPSase), aspartate transcarbamylase (ATCase), and dihydroor-
otase (DHOase) activities (Figure 1A) (Coleman et al., 1977; Kim
et al., 1992). CAD is also the site of allosteric control of the
pathway (reviewed in Jones, 1980; Evans and Guy, 2004), and
its activity is further modulated by phosphorylation through
the ERK MAP kinase, cAMP-dependent protein kinase, and
mTORC1 signaling cascades (Graves et al., 2000; Carrey et al.,Structure 22, 181985; Ben-Sahra et al., 2013; Robitaille et al., 2013). Thus, the
upregulation of CAD during cell proliferation opens possibilities
for its utilization as an antitumoral target. However, there is no
detailed structural information about CAD other than that it
self-assembles into hexamers of 1.5 MDa (Lee et al., 1985).
The de novo synthesis of pyrimidines is conserved in all
organisms, but the catalysis of the first three activities by a
single multifunctional polypeptide is unique to animals. In fungi,
GLN-CPSase and ATCase are encoded within a CAD-like
polypeptide that contains a defective DHOase-like domain,
and the DHOase activity is provided by a separate protein
(Souciet et al., 1989). In other organisms, CPSase, ATCase,
and DHOase are independent proteins that function alone or
in complexes. Although the structures of a number of these
enzymes from bacteria and archaea are known, there are no
structures of eukaryotic counterparts. Here we report the
structure of a eukaryotic DHOase, that of the DHOase domain
of human CAD.
DHOases (EC 3.4.2.3) are Zn metalloenzymes that catalyze
the reversible cyclization of N-carbamoyl-L-aspartate (CA-asp)
to dihydroorotate (DHO) (Figure 1A). Phylogenetic analysis clas-
sified DHOases into two major groups (Fields et al., 1999). Type I
DHOases are larger (45 kDa) and more ancient, and were
further differentiated into those that function independently,
associate noncovalently with ATCase (e.g., Aquifex aeolicus
DHOase), or are covalently linked to at least one other enzyme
in the pathway (e.g., CAD). In turn, type II DHOases (e.g., Escher-
ichia coli DHOase) are independent smaller enzymes (38 kDa)
found predominantly in eubacteria, fungi, and plants. DHOases
within the same class share 40% sequence identity, but the
identity between the two classes is low (<20%).
The type II DHOase from E. coli (ecDHOase) was the first for
which the structure was determined (Thoden et al., 2001),
revealing a homodimer with each subunit folded as a (b/a)8 barrel
connected to a small b-stranded adjacent domain. This fold is
characteristic of the amidohydrolase (AH) superfamily of proteins
(Holm and Sander, 1997; Seibert and Raushel, 2005). Like other
AHmembers, ecDHOase has an active center with two Zn2+ ions
coordinated by four conserved histidines and one aspartate
located at specific positions at the C-terminal ends of the central
b strands. The two metals are bridged by the side chain of a
carboxylated lysine and by a water molecule that is activated
by the metals for nucleophilic attack. The detailed view of the5–198, February 4, 2014 ª2014 Elsevier Ltd All rights reserved 185
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Figure 1. Crystal Structure of the DHOase Domain of Human CAD
(A) Scheme of CAD organization and of the reactions catalyzed in the de novo biosynthesis of pyrimidines. DHOase reaction is highlighted in green.
(B) Cartoon representation of the huDHOase structure with the flexible loop in two alternate conformations, the Zn2+ ions shown as cyan spheres, and the Zn-
coordinating residues in ball-and-stick representation.
(C) Detail of the adjacent domain.
(D) Ball-and-stick representation of the C-terminal extension, with the rest of the protein shown as a semitransparent surface.
See also Figure S1.
Structure
Structure of Human CAD Dihydroorotase Domainactive site bound to CA-asp or to DHO allowed a structural
description of the catalytic mechanism (Porter et al., 2004).
Further structural work proved that a superficial flexible loop
was also involved in catalysis (Lee et al., 2005, 2007).186 Structure 22, 185–198, February 4, 2014 ª2014 Elsevier Ltd All rThe first structure described for a type I DHOase was that of
the bacteria A. aeolicus (aeDHOase) (Martin et al., 2005).
aeDHOase is active only in complex with ATCase (Ahuja et al.,
2004), and the structure of the DHOase-ATCase complexights reserved
Structure
Structure of Human CAD Dihydroorotase Domainrevealed a hollow dodecamer formed by two ATCase trimers and
three DHOase dimers with rotational 32 symmetry that encircled
an inner reaction chamber (Zhang et al., 2009). Only one Zn was
seen in the active site of each aeDHOase subunit, and the
carboxylated lysine observed in ecDHOase was replaced by
an aspartate. The authors of this study proposed that aeDHOase
was likely to be similar to the DHOase domain of CAD, because
both were type I DHOases and because hamster CAD did not
appear to contain a carboxylated lysine and was reported to
bind only one Zn per polypeptide chain (Huang et al., 1999; Kelly
et al., 1986). They also hypothesized that the A. aeolicus
DHOase-ATCase complex could represent the basic scaffold
of CAD hexamers.
In this study, we report the crystal structure of the DHOase
domain of human CAD (huDHOase) in apo form and bound to
CA-asp, DHO, or the inhibitor 5-fluoroorotate (FOA). Contrary
to all assumptions, the active center of huDHOase reveals two
Zn2+ ions bridged by a carboxylated lysine and a flexible loop.
Site-directed mutagenesis and functional studies confirmed
the key role of both metal ions and of the flexible loop for catal-
ysis. Furthermore, we found a third Zn bound to a histidinate ion
that fine-tunes the reaction. Our results support a reclassification
of the DHOase family and provide strong evidence against sim-
ilarity between the A. aeolicus DHOase-ATCase complex and
the architecture of CAD.
RESULTS
huDHOase Structure Determination
huDHOase (CAD residues 1456–1846) expressed in HEK293
cells was purified and crystallized as previously reported (Lallous
et al., 2012). Crystals belong to space group C2221, and a native
data set was collected to 1.45 A˚ resolution. Phases were ob-
tained by molecular replacement using the structure of Thermus
thermophilusDHOase as the searchmodel. Crystals contain one
molecule of huDHOase per asymmetric unit, and a model
comprising residues 1460–1821 was built and refined to R and
Rfree factors of 12.3 and 14.8%, respectively (Figure 1B). The
electron density was unambiguous for the entire polypeptide
chain except for a flexible loop (loop 4; residues 1561–1569)
that displayed two alternate conformations. Cocrystallization
with DHO or FOA yielded similar crystals to the apo form, and
the structures were determined to 1.26 and 1.55 A˚ resolution,
respectively. The crystal structures of two mutants, E1637T
and C1617S, were also determined. To examine the pH depen-
dency of Zn binding to the enzyme, we solved the structure of
huDHOase crystallized at different pH values. Overall, 15 crystal
structures at resolutions ranging from 1.90 to 1.26 A˚ were used in
the present study (Table 1; Table S1 available online).
huDHOase Overall Structure
huDHOase folds in a catalytic (b/a)8 barrel (residues 1467–1720)
with eight parallel b strands (labeled b1–b8) connected by
eight outer a helices (a1–a8) and a smaller adjacent domain
composed of the N-terminal (residues 1456–1466) and C-termi-
nal (residues 1749–1800) additions to the barrel (Figure 1B). The
active site lies on the C-terminal edge or ‘‘top’’ of the b barrel, a
cavity shaped by the loops connecting the central b strands with
the outer a helices. At the ‘‘bottom’’ of the barrel, two contiguousStructure 22, 18helices (a6 and a7) and a long loop connect the barrel to the adja-
cent domain. This domain folds in an antiparallel five-stranded b
sheet (bVII from the N terminus and bVIII, bXI, bXII, and bXIII from
the C terminus) with an inserted b hairpin (bIX and bX) that pro-
trudes toward the top and covers one lateral of the (b/a)8 barrel
(Figures 1B and 1C).
The last b strand of the adjacent domain (bXIII) is part of a 58
amino acid C-terminal extension (residues 1798–1846) that is
required for protein solubility (Lallous et al., 2012) (Figures 1B–
1D). After strand bXIII, the C-terminal extension folds in a sharp
turn that interacts with the C end of helix a2. Then, the polypep-
tide stretches through the bottom rim of the barrel, forming a
short b strand (bXIV) that makes parallel interactions with b3,
followed by two helical turns (a8 and a9) that bridge the C
ends of helices a3 and a7 (Figure 1D, inset). Thus, residues
1798–1817 are an integral part of the CAD DHOase domain
that bury 2,450 A˚2 of surface area and establish 20 hydrogen
bonds. The last 25 amino acids of the C-terminal extension
(residues 1822–1846) are not seen in the electron density
maps, and likely belong to the linker sequence connecting with
the ATCase domain of CAD.
The huDHOase structure is quite rigid, as reflected by the low
root-mean-square deviation (rmsd) values (0.14 A˚ over 353
equivalent Ca positions) obtained from the superposition of the
different models (Figure S1A). This excludes the flexible loop
that fluctuates between a closed and open conformation when
CA-asp or DHO is bound, respectively, to the active site.
Despite the low sequence identity between CAD and bacterial
type I (24%) or type II (15%) DHOases, the superposition of
huDHOase with aeDHOase and ecDHOase gives rmsd values
of 1.7 A˚ for 315 Ca atoms and 2.1 A˚ for 281 Ca atoms, respec-
tively, thus proving that the overall architecture is well preserved
despite evolutionary divergence (Figures S1B and S1C).
huDHOase Active Site
Contrary to previous reports, the huDHOase structures reveal
not one but three Zn2+ ions bound in the active site (Figure 1B).
The Zn positions were unambiguously assigned by their anom-
alous scattering signal (Figure S2A). Two of the metals, Zn-a
and Zn-b, are bridged by a water molecule and by the side
chain of a carboxylated lysine (KCX1556) in virtually identical
configuration as the two Zn2+ ions described in the active site
of ecDHOase (Figure 2A). The distance between the two metals
is 3.5 ± 0.2 A˚, and the coordinating distances with the protein
range between 1.9 and 2.3 A˚. The more buried Zn-a has
a trigonal bipyramidal coordination with the side chains of
H1471 and H1473 and the bridging water occupying the equa-
torial positions and the side chains of D1686 and KCX1556 at
the axial positions. In turn, Zn-b is coordinated in a distorted
tetrahedral geometry by the side chains of H1590, H1614, and
KCX1556 and by the bridging water molecule. The binding of
a third Zn2+ ion (Zn-g) is a singular feature not observed in
any bacterial DHOase structure reported thus far. Zn-g binds
deeply in the center of the b barrel, at 6 and 6.5 A˚ from Zn-a
and Zn-b, respectively, and is coordinated in a tetrahedral
geometry by the side chains of H1471, C1613, and E1637 and
by a water molecule (Figure 2A; Figure S2D). Thus, the side
chain of H1471 occupies a bridging position between Zn-a
and Zn-g, with both Nd1 and Nε2 atoms at 2.0 A˚ from their5–198, February 4, 2014 ª2014 Elsevier Ltd All rights reserved 187
Table 1. Data Collection and Refinement Statistics
huDHOase Apo Form huDHOase + DHO huDHOase + FOA
PDB ID code 4C6C 4C6I 4C6M
pH of crystallization 7.0 7.0 7.0
Data Collection
Wavelength (A˚) 1.0 1.0 1.28371
Space group C2221 C2221 C2221
Unit cell
a, b, c (A˚)
82.1, 158.8, 60.8 82.1, 158.7, 61.5 82.3, 158.6, 61.7
Resolution (A˚)a 48.25–1.45 (1.49–1.45) 47.01–1.35 (1.38–1.35) 19.90–1.62 (1.66–1.62)
Rmeas (%)
b 8.3 (58.5)a 5.8 (68.5) 6.8 (57.9)
I/sI
a 17.2 (3.2) 18.0 (3.3) 17.5 (4.2)
Completeness (%)a 99.0 (90.6) 98.0 (90.4) 99.8 (100.0)
Redundancya 9.5 (5.7) 6.4 (6.2) 7.1 (6.8)
CC1/2 (%)
a,c 99.8 (89.8) 99.9 (91.0) 99.9 (93.6)
Refinement
Resolution (A˚) 1.45 1.35 1.62
No. of reflections 69,725 87,043 51,524
R factor/Rfree (%)
d 12.25/14.78 12.31/14.49 11.34/14.31
Rmsd
Bond lengths (A˚) 0.010 0.018 0.015
Bond angles () 1.336 1.311 1.287
No. of atoms (no H)
Protein + ligand 2,937 3,032 2,937
Water 375 424 385
Ramachandran plot
Favored (%) 95.62 95.96 96.87
Allowed (%) 3.61 3.54 2.87
Outliers (%) 0.77 0.51 0.26
aThe highest-resolution shell is shown in parentheses.
bRmeas =
P
On/(n  1)PjI  < I >j/PI, where I is the observed intensity, < I > is the average intensity of multiple observations of symmetry-related
reflections, and n is the multiplicity.
cPercentage of correlation between intensities from random half-data sets.
dP
hjjFobsj  jFcalcjj/
P
hjFobsj, where jFobsj and jFcalcj are observed and calculated structure factor amplitudes, respectively. Rfree was calculated using
5% of the data, which were excluded from the refinement.
Structure
Structure of Human CAD Dihydroorotase Domainrespective metals, which requires that H1471 is fully deproto-
nated in the rare form of a histidinate anion.
Not surprisingly, given the reversibility of the reaction, the
structure of huDHOase cocrystallized with DHO shows an
averaged electron density in the active site that corresponds to
the superimposed DHO and CA-asp molecules (Figure S2B).
This posed a refinement problem, because CA-asp binding is
concomitant with the exclusion of the bridging water and the
closure of the flexible loop, whereas DHO binding includes the
bridging water and forces the opening of the loop. However,
the quality of the diffraction data allowed refining the coordinates
and occupancies of the ligands and the alternate conformations
of the flexible loop. Correct modeling of the DHO-bound active
site is supported by the structure with FOA, whereas confirma-
tion of the CA-asp-bound configuration was unexpectedly
obtained by the cocrystallization of the mutant E1637T with
DHO. Although this mutant was thought to be inactive, the struc-
ture showed CA-asp bound to the active site with nearly full
occupancy.188 Structure 22, 185–198, February 4, 2014 ª2014 Elsevier Ltd All rThe mode of binding of DHO, CA-asp, and FOA to huDHOase
is identical to that described for ecDHOase (Figures 2B–2D),
providing strong evidence that both enzymes share a
common two-metal reaction mechanism. CA-asp and DHO
bind through the a-carboxylate (C61-O71-O72) to the side
chains of R1475, N1505, and H1690 and through the N1,
O2, and N3 atoms to the O atom of P1702 and to the main-
chain N and O atoms of R1661, respectively. Other inter-
actions are specific for CA-asp or DHO and support the
proposed reaction mechanism (Porter et al., 2004). The
b-carboxylate group of CA-asp (C4-O4-O5) binds to Zn-a
and Zn-b and displaces the bridging water. The two metals
neutralize the negative charge of the b-carboxylate and in-
crease the susceptibility of C4 to a nucleophilic attack by
the deprotonated N3 atom of CA-asp. Indeed, the structure
shows that the side chain of D1686 is properly placed for
shuttling a proton from N3 to O5 as cleavage of the C4-O5
bond occurs and O5 is released as a hydroxide ion, bridging
the Zn2+ ions. The structures with DHO and FOA also revealights reserved
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Figure 2. huDHOase Active Site
(A) Stereoview of the superimposition of the apo
forms of huDHOase (carbons colored in yellow)
and ecDHOase (carbons colored in pink). Zn2+
ions and water molecules are represented as
cyan and red spheres, respectively. In huDHOase,
a formate molecule from the crystallization condi-
tion mimics the interactions of the substrate
a-carboxylate.
(B–D) huDHOase bound to CA-asp (B), DHO (C),
and FOA (D). The flexible loop is removed for
clarity.
See also Figure S2.
Structure
Structure of Human CAD Dihydroorotase Domainthat, as expected, the O4 of the newly formed DHO remains
bound to Zn-b. This interaction should induce the polarization
of the C4-O4 bond of DHO, making it susceptible to the nucle-
ophilic attack by the bridging hydroxide ion, which initiates the
reaction in the reverse order.Structure 22, 185–198, February 4, 2014Similar to ecDHOase, the closed
conformation of the flexible loop in
huDHOase favors the interaction of the
T1562 side chain with the b-carboxylate
of CA-asp (Figure 3), further increasing
the electrophilicity of C4 and probably
also stabilizing the transition state. This
closed conformation, which isolates the
active site from external water molecules,
is favored by interactions of F1563 with
the side chains of R1475, N1505, and
H1690. On the other hand, in the DHO
or FOA structures, the loop is displaced
by 6 A˚ and does not interact with the
ligands nor with the rest of the active
site, supporting the conclusions reached
with ecDHOase that the movement of
the loop is part of the catalytic cycle
(Lee et al., 2007).
Involvement of the Three Zn Ions
and the Flexible Loop in Catalysis
We measured the huDHOase turnover
number (kcat) and Km in the forward and
reverse reactions as a function of pH (Fig-
ure 4A). Thus, in the forward reaction,
kcat = 191.4 ± 2.6 min
1 and Km
CA-asp =
241.2 ± 53.7 mM (at pH 5.5), whereas in
the reverse reaction, kcat = 349.8 ±
10.4 min1 and Km
DHO = 27.8 ± 4.1 mM
(pH 8). These kinetic parameters are com-
parable to those reported for the DHOase
domain of hamster CAD (Kelly et al., 1986)
(Table S2). However, whereas full-length
hamster CAD showed similar rates in
both directions, huDHOase exhibits a
2-fold higher rate in the reverse than
in the forward reaction (Figure 4A).
huDHOase activity exhibited the charac-
teristic pH dependence (Christophersonand Jones, 1979), which was suggested to reflect the ionization
of the bridging water that upon binding to the metals decreases
its pKa from 15 to 6–8 (Porter et al., 2004). Indeed, the
kinetic pKa values of huDHOase are 8.3 and 7.1 in the forward
and reverse reactions, respectively, which are similar to thoseª2014 Elsevier Ltd All rights reserved 189
F1563
CA-asp
T1562
H1690
R1475
N1505
α
β
T1562
F1563
L1566
Figure 3. huDHOase Flexible Loop
Representation of the flexible loop in open (orange) and closed (yellow) con-
formations. Zn2+ ions are represented as cyan spheres, and some residues are
shown in dot-surface representation to illustrate their interaction.
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Figure 4. Kinetic Parameters and Site-Directed Mutagenesis
(A) huDHOase activity in the forward (empty circles) and reverse (filled circles)
reactions as a function of pH. The occupancy of Zn-g at the different pH values
is plotted on the right y axis (triangles).
(B) Relative activity of the mutants measured in the reverse direction at pH 8.0.
(C) pH-rate profiles and Zn-g occupancy for C1613S mutant.
Each value is represented as the mean ± SD from at least three independent
measurements. See also Figure S3.
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Structure of Human CAD Dihydroorotase Domainmeasured for ecDHOase (pka
forward = 8.2, pka
reverse = 6; Porter
et al., 2004).
To investigate whether pH could also affect Zn binding, we
determined the structures of huDHOase cocrystallized with
DHO at the pH range 5.5–8.0. The structures revealed that
lowering the pH correlates with a decreased occupancy of
Zn-g, whereas Zn-a and Zn-b remain the same (Figure 4A;
Figure S3). The occupancy of Zn-g reaches 75% at pH 8
and sharply decreases at pH <6.5. Because the structure at
pH 5.5 shows no appreciable changes other than the absence
of Zn-g, this indicates that Zn-g does not play a critical structural
role.
As expected if correct Zn binding were key for catalysis,
mutations D1686N and H1471N affecting the coordination of
Zn-a, or mutations H1590A and H1614A altering the coordina-
tion of Zn-b, inactivated the protein (Figure 4B). In turn, mutating
the Zn-g-coordinating residue C1613 to serine had a milder
effect on the forward and reverse activities, which are 2- and
3-fold lower than wild-type, respectively, and similar in both
directions (kcat = 100 min1) (Figure 4C). The crystal structures
of C1613S mutant showed no differences with respect to wild-
type other than the absence of Zn-g (Figure S2E), suggesting
that the reduced activity is due to the loss of Zn-g. Mutating
the other Zn-g-coordinating residue, E1637, to threonine—
the equivalent residue in ecDHOase—decreased the activity
100-fold compared to wild-type (kcat = 3 min1) (Figure 4B).
The crystal structure of E1637T mutant also showed no appre-
ciable defects except for the absence of Zn-g (Figure S2F).
This indicates that the low activity of E1637T cannot be attrib-
uted exclusively to the loss of Zn-g and suggests that the pres-
ence of the glutamate next to H1471 is somehow important for
activity. Indeed, the double mutant E1637T/C1613E, which
replaces both Zn-g-coordinating residues by those equivalent
in ecDHOase (Figure S2G), exhibits an 7-fold higher activity
than E1637T (Figure 4B). Additionally, as already mentioned,
although E1637T mutant was cocrystallized with DHO, a mole-
cule of CA-asp was found in the active site with nearly full
occupancy, indicating that this mutation probably alters the
equilibrium of the reaction favoring the CA-asp-bound form.
Finally, to test the participation of the flexible loop in the reac-
tion, we mutated residues T1562 and F1563, which are fully
conserved in CAD. Mutating either of the two residues to alanine190 Structure 22, 185–198, February 4, 2014 ª2014 Elsevier Ltd All rinactivated the protein (Figure 4B), thus supporting that, as
demonstrated for ecDHOase, the flexible loop is involved in the
catalytic cycle of huDHOase.
huDHOase Dimer Formation
huDHOase is a homodimer in solution (Lallous et al., 2012).
Examination of the crystal lattice shows that the protein subunit
in the asymmetric unit contacts four other subunits, three of
which are related by two-fold axes (Figure S4A). Although the
analysis with PISA (Krissinel and Henrick, 2007) yielded low
complexation significance scores (CSSs) for the three lattice
interfaces, the higher value of one of them (CSS, 0.11) suggested
that it may play a role in dimerization. This interface buries 960 A˚2
on the side of the barrel opposite the adjacent domain and in-
volves helix a5, the N-terminal halves of helices a4 and a6, and
the first and last residues of the flexible loop (Figure 5A). Helicesights reserved
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Structure of Human CAD Dihydroorotase Domaina5 from both subunits pair in a parallel orientation, crossing each
other at the level of A1597 and A1598 and forming an angle of
70. Surface complementarity inspection indicates good fitting
and water exclusion at the interface, which is rich in hydrophobic
contacts.
Next, we introduced mutations M1601E and A1597T/A1598T
to destabilize the lateral interactions, whereas the double muta-
tion H1734A/H1741A targeted another possible interface at the
bottom of the barrel (Figure S4B). Analysis of the purified
mutants by analytical ultracentrifugation showed that mutant
H1734A/H1741A is a dimer, like wild-type, whereas mutant
M1601E is monomeric and mutant A1597T/A1598T is in an
equilibrium between monomer and dimer that depends on
protein concentration (Figure 5B). Therefore, we conclude that
huDHOase dimerizes through the lateral interface, forming
dimers of 100 3 50 3 50 A˚ dimensions, with the active centers
of both subunits 34 A˚ apart and oriented approximately in the
same direction (Figure 5C). As discussed below, this dimeriza-
tion mode is clearly different from bacterial DHOases (Figures
5D and 5E).
It is uncertain whether huDHOase will form dimers in the hex-
americ CAD particle. It may be so, because the activity of the
monomericmutants is50%ofwild-type huDHOase (Figure 4B),
and thermal denaturation experiments showed a destabilization
of M1601E mutant compared to wild-type protein, with differ-
ences in the apparent midpoint temperatures of about 6.5C
(Figures S4C and S4D).
Evolutionary Relationships within the DHOase Family
While comparing with huDHOase, we noticed that bacterial type
I and type II DHOases differ in a number of features other than the
extra 50 and 10 amino acids at the N and C termini that
provide bacterial type I DHOases with an enlarged adjacent
domain: (1) type II DHOases have a carboxylated lysine bridging
the two Zn2+ ions, whereas in type I DHOases the bridging resi-
due is an aspartate; (2) the catalytic flexible loop of ecDHOase is
conserved in all bacterial type II DHOases, whereas the equiva-
lent loop in the type I group is shorter and does not cover the
active site; (3) although both type I and type II DHOases form
dimers—at least in the crystal—the former dimerize through
lateral interactions and the latter through the top of the barrel;
and (4) loop 5, which is key for the interaction of aeDHOase
with ATCase, is conserved in all type I DHOases, whereas in
type II DHOases the loop is shorter and is involved in dimeriza-
tion (Figures 5D, 6, and 7A).
Interestingly, huDHOase shares higher sequence and struc-
tural similarity with bacterial type I DHOases but exhibits bacte-
rial type II traits, such as the short N terminus, a carboxylated
lysine, and the catalytic flexible loop. The unpublished structure
of Porphyromonas gingivalis DHOase (pgDHOase; Protein Data
Bank [PDB] ID code 2GWN) also challenges the current classifi-
cation, because it combines a large adjacent domain (type I trait)
with a carboxylated lysine and a putative flexible loop at the
active site (type II traits) (Figures 6 and 7A). pgDHOase and other
bacterial DHOases were included as a subclass within the type I
group for replacing the first Zn-coordinating histidine by a gluta-
mine (Fields et al., 1999). However, on the grounds of the present
analysis, we propose pgDHOase as the paradigm of a distinct
group that we named bacterial type III DHOases. Similar toStructure 22, 18CAD, all bacterial type III DHOases exhibit a C-terminal exten-
sion that in pgDHOase extends through the bottom rim of the
(b/a)8 barrel. Indeed, the superposition between huDHOase
and pgDHOase gives an rmsd of 1.5 A˚ for 329 Ca atoms (Fig-
ure S1D), and the sequence similarity is 30%. Hence, these
results support that CAD and bacterial type III DHOases form
two distinct groups that aremore similar to each other than either
is to bacterial type I or type II enzymes.
The evolutionary relationships among DHOases were reeval-
uated by structure-guided sequence alignments and phyloge-
netic reconstruction. The tree depicts two largely divergent
clusters, in accordance with the classification as ‘‘short’’ and
‘‘long’’ DHOases (Fields et al., 1999) (Figure 7B). Short DHOases
further subdivide in active DHOases from fungi and bacterial
type II and plant DHOases. The other part of the tree sustains
that bacterial type I DHOases, bacterial type III DHOases, and
CAD are different monophyletic branches, and suggests with
significant statistical support (bootstrap value, 96; Bayesian
posterior probability, 0.98) that the latter two groups shared a
common ancestor.
DISCUSSION
A Refreshing View of an Ancient Enzyme
DHOase is among the most ancient enzymes of the AH super-
family because it catalyzes a central biosynthetic step in the
metabolism of all organisms (Holm and Sander, 1997). Despite
full conservation of the reaction, DHOase adopts an intriguing
number of different forms. DHOase can be encoded as a
monomeric or dimeric protein that functions independently
(e.g., ecDHOase) or in associationwith ATCase (e.g., aeDHOase)
or, alternatively, it can be fused in a multifunctional polypeptide
where it is active, like CAD, or inactive, like in CAD-like from
fungi, where it may play a yet unknown architectural role. The
structural understanding of this diversity was limited to bacterial
DHOases, but it is now broadened by the determination of the
structure of the DHOase domain of humanCAD. The comparison
of huDHOase with bacterial DHOases reveals that these en-
zymes share an overall structural fold and a two-Zn catalytic
mechanism, but differ in specific traits that define their active
sites, quaternary structures, and the association—or not—with
ATCase.
The size difference, first used to classify DHOases as either
short or long, is mainly due to a one- or two-layered b-stranded
adjacent domain. pgDHOase and other bacterial DHOases now
grouped as bacterial type III exhibit the largest adjacent domain
with four and seven b strands in the outer and inner layers,
respectively, and a long loop. A similar adjacent domain but
without the last b strand is present in bacterial type I DHOases,
whereas the shorter type II enzymes lack the outer layer and
also most of the b strands from the inner b sheet. Although other
AH members also have an adjacent domain that participates in
protein oligomerization (e.g., urease [PDB ID code 2KAU], dihy-
dropyriminidase [PDB ID code 2FTW], and allantoinase [PDB ID
code 3E74]), the role of this domain in DHOase is unclear
because it is not involved in dimerization nor in the described in-
teractions with ATCase. Nevertheless, the shape of the adjacent
domain, clamping one lateral of the catalytic barrel, suggests a
stabilizing function. In CAD, the adjacent domain is equivalent5–198, February 4, 2014 ª2014 Elsevier Ltd All rights reserved 191
(legend on next page)
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Figure 6. Sequence Alignment of Structurally Characterized DHOases
Sequences are colored according to their secondary structure, which is shown above the alignment. Zn-coordinating and substrate-interacting residues are
highlighted with yellow and brown backgrounds, respectively. The names of the sequences belonging to bacterial type I or type II groups are indicated with gray
and white rectangles, respectively. Residues in bold are highly conserved (90% identity) within their respective groups. huDHOase residues in the dimerization
interface are indicated with a black circle. UniprotKB and PDB identifiers are as follows: Ec, E. coli (P05020, PDB ID code 1XGE); Se,Salmonella enterica (P06204,
PDB ID code 3JZE); Cj,Campylobacter jejuni (Q0PBP6, PDB ID code 3PNU); Tt, T. thermophilus (Q5SK67, PDB ID code 2Z00); Ba,B. anthracis (Q81WF0, PDB ID
code 3MPG); Sa, Staphylococcus aureus (P65907, PDB ID code 3GRI); Aa, A. aeolicus (O66990, PDB ID code 3D6N); and Pg, P. gingivalis (Q7MVW1, PDB ID
code 2GWN). See also Figure S5.
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Structure of Human CAD Dihydroorotase Domainto the last five b strands of the inner b sheet from pgDHOase, and
it is not involved in dimerization either. However, the conserva-
tion of the solvent-exposed residues, which are not shielded
by an outer b sheet, strongly suggests an additional function,
perhaps in interacting with another domain of CAD.
Thus, the larger molecular weight of CAD DHOase, which
initially suggested its similarity to bacterial type I DHOases, isFigure 5. huDHOase Dimer Formation
(A) huDHOase dimer interface represented along the dyad axis with subunits co
subunit is shown for clarity (right). Relevant amino acid side chains are shown in
(B) Sedimentation velocity assays with wild-type and mutant proteins at different
lighter tones indicate lower concentrations.
(C) Ribbon diagram of huDHOase dimer with dimerization helices colored in green
top of the barrel in blue.
(D) Superposition of the bacterial type I (left) and type II (right) dimers colored a
A. aeolicus DHOase-ATC complex are depicted in a semitransparent pink surfac
(E) Relative orientations of the dimerization helices in huDHOase and aeDHOase
See also Figure S4.
Structure 22, 18not due to an enlarged adjacent domain but to a C-terminal
extension of 25 residues that is required for protein solubility
(Lallous et al., 2012; Williams et al., 1993). This extension is
an important structural component that fastens the bottom
elements of the catalytic barrel and fixes the exit point of
the linker that connects with the ATCase domain. In this way,
the N and C ends emerge from opposite sides of the proteinlored green and blue (left), or perpendicular to the dyad axis, where only one
ball-and-stick representation, and mutations are indicated.
protein concentrations. Each protein is represented in a different color, and the
, the adjacent domain in orange, C-terminal extension in magenta, and loops on
s in (A). Two of the ATCase subunits interacting with aeDHOase dimer in the
e.
viewed along the dimer longest axis.
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Figure 7. Evolutionary Relationships within the DHOase Family
(A) Cartoon representation of the crystal structures of A. aeolicus, E. coli, and P. gingivalis DHOases. HxH and QxH indicate the identity of the two
Zn-a-coordinating residues, and KCX and D indicate the identity of the Zn-bridging residue.
(B) Phylogenetic tree depicting the diversity within the DHOase family. The branch lengths are proportional to the number of mutations per amino acid position.
The scale bar represents one substitution per site.
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Structure of Human CAD Dihydroorotase Domainand may determine the type of architecture adopted in CAD,
where DHOase occupies an intercalated position between
GLN-CPSase and ATCase.194 Structure 22, 185–198, February 4, 2014 ª2014 Elsevier Ltd All rThe flexible loop is another distinctive element that is present
in all DHOases except in the bacterial type I group. The catalytic
function of this loop, now corroborated for huDHOase, might beights reserved
Structure
Structure of Human CAD Dihydroorotase Domaingeneralized to all loop-containing DHOases because the threo-
nine, which in ecDHOase and huDHOase interacts with CA-
asp and whose mutation inactivates the enzyme, is fully
conserved. Then, we asked why bacterial type I DHOases lack
this key element and are still active. In these enzymes, loop 4
is shorter and contains the aspartate replacing the carboxylated
lysine, followed by a conserved glycine that is positioned near
the substrate binding site and could perhaps interact with CA-
asp, mimicking the interactions of the flexible loop. The shorter
loop, however, cannot seal off the active site from the solvent.
Perhaps this is not needed, because in the structure of the
A. aeolicus DHOase-ATCase complex the active sites face an
electropositive reaction chamber with limited access to the exte-
rior (Zhang et al., 2009). This would explain why aeDHOase lacks
a flexible loop but depends on the association with ATCase to be
active, and suggests that other bacterial type I DHOases lacking
the flexible loop would interact with ATCase in a similar manner.
Following this reasoning, the presence of the flexible loop in CAD
DHOase explains that this domain is active per se and does not
require the association with the ATCase domain.
‘‘Re-Zincing’’ the Active Site of DHOases
The striking similarity between the active sites of the E. coli and
human enzymes strongly supports that the catalytic mechanism
proposed for ecDHOase fully applies to CAD. In fact, the conser-
vation of the active-site residues is consistent with a strong
selective pressure to maintain a reaction mechanism based on
two Zn2+ ions, and questions the existence of some DHOases
with a different mechanism based on a single Zn. Certainly, the
aeDHOase structure shows an active site partially formed, with
disordered loops and with residue C181 occupying the position
of Zn-b and interacting with a sole Zn2+ ion at the position of Zn-a
(Martin et al., 2005). Upon complex formation with ATCase, the
loops are reorganized, C181 is displaced, and a water molecule
allegedly occupies the position of Zn-b (Zhang et al., 2009). This
water is 2 A˚ from the bridging aspartate and from two conserved
histidines that in other bacterial type I DHOase structures (e.g.,
Bacillus anthracis DHOase; Mehboob et al., 2010) bind to Zn-b.
These distances are too short for hydrogen bonding but are
expected for Zn coordination, suggesting that the electron den-
sity interpreted as a water molecule could instead be a Zn with
partial occupancy. Other AH members have shown partial metal
occupancy without distortion of the active site when Zn was
replaced by water (Xiang et al., 2009). Indeed, incorrect estima-
tions of the Zn content both in ecDHOase (Washabaugh and
Collins, 1984) and in CAD suggest that at least one of the two
metals, probably the more solvent-exposed Zn-b, could disso-
ciate during purification and crystallization. Thus, we argue that
those DHOase structures with only one Zn bound represent
incomplete views of the active site where Zn-b is not bound or
binds with partial occupancy.
The finding of a third Zn adjoining the active site is for the
moment a peculiarity of huDHOase that requires testing for
generalization in other species. Binding of Zn-g requires H1471
in the form of a histidinate ion. In principle, both histidine Nd1
and Nε2 atoms can be deprotonated but, whereas the first
proton is easily interchangeable at neutral pH, the ionization of
the second proton is not expected to occur under physiological
conditions (pka = 14). However, coordination to a metal cationStructure 22, 18causes an important reduction of the pKa value of the imidazole
group and allows complete deprotonation at pH 6–7 (Alı´-Torres
et al., 2011). This agrees with the observation that at pH below
6.5 the occupancy of Zn-g is drastically reduced, proving that
protonation of H1471 hinders the interaction with the third metal.
Thus, the observed histidinate ion is possible but very rare in
biology. A search in the Cambridge Structural Database (Allen,
2002) and in the Protein Data Bank using Relibase+ (Hendlich
et al., 2003) found two other examples of histidines bridging
two metals in protein active sites, those of Cu-Zn superoxide
dismutase (Tainer et al., 1983) and lipoglycopeptide antibiotic
deacetylase (Zou et al., 2008). In addition, the histidinate ion is
proposed to form during the reaction of human peroxidase (Car-
pena et al., 2009), cytochrome c (Bowman and Bren, 2010), and
carbonic anhydrase II (Huang et al., 1996).
Zn-g has apparently no effect on the structure, but it appears
to have a modest effect on activity. The fact that huDHOase
catalyzes the reaction 2-fold slower in the reverse than in the
forward direction could be associated to the loss of Zn-g at
pH <6.5. Indeed, mutant C1613S, which cannot bind Zn-g,
catalyzes the reaction 2- to 3-fold slower than wild-type, but
exhibits a similar rate in both directions. On the other hand, the
nearly complete inactivation of mutant E1637T is intriguing,
and suggests that this glutamate, whose side chain is 2.8 A˚
from theNv1 atomof H1471, could have a direct effect on activity
other than the coordination of Zn-g. Although the low activity did
not allow a detailed biochemical characterization, one likely
explanation for the presence of CA-asp in the E1637T structure
is that the negative charge of the glutamate is needed for favor-
ing the prompt release of the doubly negatively charged CA-asp
as it is produced in the reverse reaction. Mutating E1637 to a
noncharged group would not favor product dissociation and
CA-asp would lag in the active site, increasing the stability of
the CA-asp complex and further decreasing the reaction rate.
Although more work will be needed to fully evaluate the conse-
quences of the interaction of H1471 with both Zn-g and E1637,
these results strongly suggest that the second shell of residues
surrounding the binuclear metal center of DHOase, and probably
in other AH family members too, does not play a merely stabiliz-
ing role, and that the presence of charged elements, such as
Zn-g and E1637, can have a direct effect on substrate binding
and catalysis.
The DHOase Diversity Reflects a ‘‘Complex’’ Evolution
This work contrasts the conservation of the active site with the
diversity of elements decorating the basic DHOase scaffold
and, thus, we asked what factors influenced the presence of
these elements and the evolution of DHOase into its multiple
forms. One possible explanation is that this diversity resulted
from the coevolution with ATCase and from the association, or
not, of the two enzymes into a functional complex.
ATCase is an obligatory trimer composed of an35 kDa poly-
peptide with the active sites at the interface between adjacent
subunits. In prokaryotes, the ATC trimer can either function
independently or in association with another ATC trimer through
the interaction with three DHOase dimers (e.g., A. aeolicus) or
with three dimers of the regulatory protein PyrI (e.g., E. coli)
(Bethell and Jones, 1969). The only detailed information about
the interaction between DHOase and ATCase comes from the5–198, February 4, 2014 ª2014 Elsevier Ltd All rights reserved 195
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Structure of Human CAD Dihydroorotase DomainA. aeolicus DHOase-ATCase structure (Zhang et al., 2009).
aeDHOase interacts with ATCase from the top of the barrel,
with loop 5 making most of the contacts. Because the length
and position of the loops at this surface are conserved among
bacterial type I DHOases, we predict that other proteins in this
group—if not all of them—are posed to interact with ATCase in
a similar manner, as already suggested by the fact that they
lack the flexible loop. On the other hand, in E. coli and other bac-
teria having only a type II DHOase, ATCase associates with the
regulatory PyrI subunits and does not interact with DHOase.
Indeed, these DHOases cannot interact with ATCase in the
way described for aeDHOase because the top of the barrel,
including loop 5, forms the dimerization interface. Thus, the
differences in loop 5, the flexible loop, and the dimerization
interface reflect the adaptation of DHOases to interact or not
with ATCase.
In animals, the covalent association of GLN-CPSase, DHOase,
and ATCase must have favored the expression and localization
of the different activities, and probably also facilitated the
regulation and communication between the enzymes, as has
been reported for the channeling of unstable intermediates
between CPSase and ATCase in hamster CAD (Irvine et al.,
1997). However, the interaction between the DHOase and
ATCase domains of CAD has not been proven. The attractive
possibility has been proposed that the A. aeolicus DHOase-
ATCase complex represents the core scaffold of CAD (Zhang
et al., 2009). However, this study reveals important differences
between huDHOase and aeDHOase, raising strong doubts as
to whether this type of assembly is feasible in CAD. First, in
contrast to aeDHOase, which requires physical association
with ATCase to be active, CAD DHOase is active by itself, a
property that is probably conferred by the presence of the
flexible loop, as explained before. Second, loop 5, which in
aeDHOase is key to latch the protein with ATCase, is absent in
CAD DHOase, calling for a different mode of interaction—if
any—with ATCase. And last, although both huDHOase and
aeDHOase utilize the same lateral interface to dimerize, the rela-
tive orientations of the two subunits in the dimer differ by 90
(Figure 5E), and whereas the aeDHOase subunits point in
opposite directions, facing their respective ATC trimers, the
huDHOase subunits are oriented in the same general direction,
in an arrangement that appears incompatible with the architec-
ture of the A. aeolicus complex. Therefore, it seems reasonable
to propose that the A. aeolicus aeDHOase-ATCase complex
does not represent the architecture of CAD, adding additional
interest to deciphering the structure of CAD and to explaining
how theGLN-CPSase, DHOase, andATCase activities assemble
and work together.EXPERIMENTAL PROCEDURES
Protein Production
HEK293S-GnTI cells were adapted to suspension culture in FreeStyle
medium (Invitrogen) with 1% fetal bovine serum and grown in an orbital stirrer
at 135 rpm under standard humidified conditions (Aricescu et al., 2006). The
culture (1.5 million cells/ml) was transfected with a pOPIN-M vector carrying
the huDHOase gene (Lallous et al., 2012) in a 1:3 ratio mixture of DNA
(1 mg/ml) and polyethylenimine (PEI 25 kDa branched; Sigma). Prior to the
transfection, DNA and PEI were diluted to 20 and 60 mg/ml, respectively, in
UltraDOMA medium (Lonza) and incubated separately for 5 min at room tem-196 Structure 22, 185–198, February 4, 2014 ª2014 Elsevier Ltd All rperature. Then, the solutions were mixed and incubated 10 min before adding
the mixture to the cells, which were harvested after 2–3 days. Protein was
purified as in Lallous et al. (2012).
Site-Directed Mutagenesis
Mutagenesis was carried out using the QuikChange protocol (Stratagene) by
using a pair of mutagenic oligonucleotides and flanking primers (Table S3).
The mutated genes were cloned in pOPIN-M with In-fusion (Clontech) and
were expressed and purified as for wild-type huDHOase.
Crystallization, Data Collection, and Structure Determination
Crystals of wild-type or mutant huDHOase, alone or in the presence of 4 mM
L-dihydroorotate (Sigma) or 5 mM 5-fluoroorotic acid (Ecogen), were obtained
as previously described (Lallous et al., 2012). The buffers used for crystalliza-
tion were MES (pH 5.5), HEPES (pH 6–7), or Tris (pH 7.5–8). Prior to flash-
freezing, the crystals were transferred to a cryoprotectant solution consisting
of the mother liquor plus 15% glycerol and supplemented with 20 mM ZnSO4
and 2 mM ligand. X-ray diffraction data were collected at the PX-1 beamline
at the Swiss Light Source (Villigen, Switzerland) using a Pilatus 6M detector.
Data processing and scaling were performed with XDS (Kabsch 2010).
Crystallographic phases were determined by molecular replacement using
MOLREP (Vagin and Teplyakov, 2010). The model was built with Coot (Emsley
et al., 2010) and refined with PHENIX (Adams et al., 2010).
Activity Assays
huDHOase activity wasmeasured spectrophotometrically following the absor-
bance of DHO at 230 nm (ε230, 1.17 mM
1 cm1) (Sander et al., 1965) in a
Jasco-V550 spectrophotometer at 25C. huDHOase (0.5–3 mM) was assayed
in buffer (20 mM Tris-HCl [pH 8], 150 mM NaCl, 0.2 mM Tris[2-carboxyethyl]
phosphine, 20 mM ZnSO4) with 0.1 mg/ml BSA (Sigma), 0.5 mM DHO, and
15 mMCA-asp, in a final volume of 100 ml. For Km calculations, the concentra-
tion ranges of DHO and CA-asp were 0.03–1 and 0.14–36 mM, respectively.
Alternatively, huDHOase activity was measured by adapting a colorimetric
method (Prescott and Jones, 1969) to a 96-well microtiter plate format. The re-
action was as before, but sodium phosphate was used to buffer the reaction at
different pH values. The reaction was stopped with 67 ml of the color mix and
the plate was sealed with adhesive film, floated in a water bath at 93C in the
dark for 15 min, and measured in a Victor3 1420 (PerkinElmer) plate reader
equipped with a 450 nm filter. Kinetic data analysis was performed with Prism
4 (GraphPad).
Analytical Ultracentrifugation
Sedimentation velocity studies were performed using a Beckman XL-A centri-
fuge with an AN-50 Ti rotor, and cells were assembled with a 12 mm double-
sector centerpiece. The absorbance at 280 nm was measured in order to
follow the distribution of the sedimenting molecules at 42,000 rpm and
293K. Two hundred and fifty scans were collected for each cell. Sedimentation
coefficient and molecular weight were determined using SEDFIT (Schuck,
2000). The protein concentrations were as follows: wild-type, 19.5, 9.3, and
4.9 mM; M1601E, 12.3 and 5.7 mM; A1597T/A1598T, 19.5 and 5.7 mM; and
H1734A/H1741A, 19.8, 10.0, and 4.4 mM.
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